In many species, including mice, maternal responsiveness is experience-dependent and permanent, lasting for long periods (months to years). We have shown that after brief exposures to pups, virgin female mice continue to respond maternally toward pups for at least one month. Administration of a histone deacetylase inhibitor (HDACi) reduces the amount of maternal experience required to affect maternal behavior and gene expression. In this set of studies, we examined the epigenetic mechanisms that underlie these motivated behaviors. We assessed whether the effects of HDACi persisted 1 month after the initial experience (in the absence of continued pup experience or HDACi treatment) and whether the maintenance of maternal memory was associated with stable changes in gene expression. Using chromatin immunoprecipitation, we examined whether Esr2 and Oxt gene expression might be mediated by recruitment of the histone acetyltransferase cAMP response element binding protein (CBP) to their promoter regions after maternal memory consolidation. We report that HDACi treatment induced long-lasting changes in maternal responsiveness. Maternal learning was associated with increased recruitment of CBP to the Esr2 and Oxt gene promoters during the consolidation of maternal memory as well as a persistent increase in estrogen receptor-␤ (Esr2) mRNA and decreased expression of the de novo DNA methyltransferase Dnmt3a within the medial preoptic area. The consolidation of the maternal experience may involve the CBP recruitment and stable changes in gene expression, which maintain increased maternal responsiveness for long periods of time. (Endocrinology 155: 3674 -3683, 2014) F or all mammals, the first few days, weeks, months, or years of life represent a time when survival depends on the quality of care received from the mother. Typically, the transition into motherhood is precipitated by the hormonal events of gestation and birth, which function, in part, to decrease avoidance and increase attraction to infants, thereby facilitating mother-infant interactions (1). It is the experience of interacting with infants, however, that sustains maternal responding (2). Research in multiple species, including humans, has shown that initial motherinfant experiences induce long-lasting changes in subsequent maternal responsiveness that persist for months and can affect maternal care of subsequent offspring even in the absence of continued interaction with infants or hormonal exposure (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Therefore, the experience of interacting with the infant is consolidated, as in any learning experience, such that subsequent interactions with infants are facilitated.
In many species, including mice, maternal responsiveness is experience-dependent and permanent, lasting for long periods (months to years). We have shown that after brief exposures to pups, virgin female mice continue to respond maternally toward pups for at least one month. Administration of a histone deacetylase inhibitor (HDACi) reduces the amount of maternal experience required to affect maternal behavior and gene expression. In this set of studies, we examined the epigenetic mechanisms that underlie these motivated behaviors. We assessed whether the effects of HDACi persisted 1 month after the initial experience (in the absence of continued pup experience or HDACi treatment) and whether the maintenance of maternal memory was associated with stable changes in gene expression. Using chromatin immunoprecipitation, we examined whether Esr2 and Oxt gene expression might be mediated by recruitment of the histone acetyltransferase cAMP response element binding protein (CBP) to their promoter regions after maternal memory consolidation. We report that HDACi treatment induced long-lasting changes in maternal responsiveness. Maternal learning was associated with increased recruitment of CBP to the Esr2 and Oxt gene promoters during the consolidation of maternal memory as well as a persistent increase in estrogen receptor-␤ (Esr2) mRNA and decreased expression of the de novo DNA methyltransferase Dnmt3a within the medial preoptic area. The consolidation of the maternal experience may involve the CBP recruitment and stable changes in gene expression, which maintain increased maternal responsiveness for long periods of time. (Endocrinology 155: 3674 -3683, 2014) F or all mammals, the first few days, weeks, months, or years of life represent a time when survival depends on the quality of care received from the mother. Typically, the transition into motherhood is precipitated by the hormonal events of gestation and birth, which function, in part, to decrease avoidance and increase attraction to infants, thereby facilitating mother-infant interactions (1) . It is the experience of interacting with infants, however, that sustains maternal responding (2) . Research in multiple species, including humans, has shown that initial motherinfant experiences induce long-lasting changes in subsequent maternal responsiveness that persist for months and can affect maternal care of subsequent offspring even in the absence of continued interaction with infants or hormonal exposure (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Therefore, the experience of interacting with the infant is consolidated, as in any learning experience, such that subsequent interactions with infants are facilitated.
Maternal experiences are likely consolidated in the neural circuits that regulate maternal responsiveness (13) (14) (15) (16) . The medial preoptic area (MPOA) of the hypothalamus plays a central role in these circuits, integrating hormonal and pup-related information from all sensory modalities and regulating maternal behavior responses (17) . As naïve females transition into motherhood, the MPOA undergoes a variety of changes, many of which are specifically related to interaction with pups. For example, alterations in gene transcription, steroid and peptide hormone signaling, neuronal activity to pups, or pup-related cues occur during initial mother-infant interactions in rats and mice (18 -30) . Structural changes, such as dendritic branching and astrocyte remodeling, within the MPOA also materialize (31) (32) (33) . Thus, MPOA neurons exhibit phenotypic plasticity or sensory experience-driven alterations in the physical properties that support functional changes in MPOA responses toward pups. Some or all of these changes might contribute to the elevated c-Fos response in MPOA neurons during the recall of maternal memory (16, 34) . Considering that maternal responses do not become MPOA independent, it seems that the MPOA is a key site of plasticity. However, relatively little is known about the molecular mechanisms that mediate the stable representation of maternal memory within the MPOA.
Like other forms of learning and memory, maternal learning and memory requires cAMP response element binding protein (CREB)-mediated gene transcription and new protein synthesis (35) . The activation of phosphorylated CREB, which is restricted to MPOA neurons during mother-infant interactions, may be a critical component of the molecular mechanism underlying the consolidation of maternal experience, as CREB is a neuronal marker for neurons encoding fear memories (36) . We have recently shown that CREB binding protein (CBP), a coactivator of CREB, is up-regulated during maternal experience consolidation (37) . Importantly, CBP also acts as a histone acetylatransferase adding acetyl groups to histone proteins in gene promoters bound by CREB, and functionally supporting the consolidation of memory (38) . We have hypothesized that this molecular mechanism may be involved in the consolidation of maternal experience, because administration of a histone deacetyltransferase inhibitor (HDACi), which increased CBP activity, reduced the amount of maternal learning required to consolidate maternal memory (37) . HDACi treatment was also associated with increased transcription of some of the genes that have found to be altered by mother-infant interactions in the MPOA. Recent work has shown that alterations in gene transcription can overlap between postpartum and virgin rodents interacting with infants, indicating that these changes depend on pup interaction and not hormone stimulation (24, 30) . We have shown that two steroid and peptide hormone genes, estrogen receptor beta (Esr2), oxytocin (Oxt), can be potentiated in virgin mice by maternal experiences alone. Considering that maternal experiences are consolidated, regardless of hormone stimulation, we have focused on how these two genes might be involved in the consolidation of maternal experience and the stable representation of maternal memory within the MPOA.
Here we test the hypothesis that maternal memory consolidation involves epigenetic regulation of Esr2 and Oxt and that stable changes in the expression of these genes are associated with long-lasting changes in maternal care. First, we established that HDACi treatment supports the consolidation of subthreshold maternal experiences into a long-lasting maternal memory. Second, we asked whether the long-lasting change in maternal care was associated with a stable change in the expression of the two genes that may be epigenetically regulated during maternal experience consolidation: Esr2 and Oxt. Because the maintenance and consolidation of memory has been linked to alterations in genes that affect DNA methylation, we also examined DNA methyltransferase (DNMT) gene expression (39 -41) . Finally, as a first step to understanding how epigenetic regulation of Esr2 and Oxt in the MPOA might support the stabilization of maternal memory, we examined whether HDACi treatment drives CBP recruitment to the Esr2 and Oxt gene promoters during maternal memory consolidation.
Materials and Methods

Subjects and drug treatment
All mice were C57BL/6J virgin nulliparous females (60 -100 d of age), naive to pups (except for their own littermates). Sodium butyrate (SB; Sigma-Aldrich) was dissolved in sterile water and administered at a dose of 8 mg/mL in the drinking water (n ϭ 8) (37, 42) . Control mice received standard drinking water (n ϭ 7). Oral administration of SB at this dose increases histone acetylation in the hypothalamus (including MPOA) (43) . Drinking water containing SB was available ad libitum for a total of 72 hours: beginning 24 hours prior to the first 2-hour pup-experience and ending 24 hours after the second 2-hour experience (Figure 1a ). Daily drinking was monitored for all animals. A separate group of C57BL/6J mice, drinking normal water, served as foster dams that provided stimulus pups. Mice were housed on a 12-hour reverse light cycle (lights off at 12:00 AM) and given food (diet number 7912; Harlan Tekland) and water ad libitum. Behavioral testing began one hour after lights off under dim red light. All procedures were in compliance with the University of Virginia Animal Care and Use Committee.
Maternal experience paradigm
All mice were exposed to a subthreshold maternal experience, which consisted of interacting with stimulus pups for 2 h/d for 2 consecutive days, which has previously been found to have no facilitatory effects on maternal memory (37) . Briefly, at the start of each 2-hour experience, three stimulus pups (1-7 d old, mixed sex) were scattered in the cage. All females retrieved the three pups within the first 15 minutes. At the end of the 2-hour experience, pups were removed and returned to lactating donor fe-males. Due to random distribution of the pups, it is unlikely that females were exposed to the same pups more than once.
T-maze pup retrieval testing
The walls and floors of the T-maze apparatus (67.3 ϫ 11.4 ϫ 8.3 cm) were clear plexiglas upon which a removable plexiglas top was fitted. The vertical runway measured 48.3 cm in length and opened into a horizontal runway that measured 67.3 cm in length. A goal box (11.4 cm ϫ 12.7 cm) was attached to the end of the vertical runway, which could be closed off from the rest of the T-maze by a clear plexiglas guillotine door. Three stimulus pups were placed at equal intervals in the horizontal arm of the plexiglas T-maze. Mice were tested for retrieval of pups in the T-maze 24 hours, and 1 month, after the last 2-hour pup experience. Each female was placed into the goal box of the T-maze with her nest material for a 10-minute habituation period. Next, the plexiglas door was removed and the 15-minute pup retrieval test began. Latencies to emerge from the goal box (all four paws), investigate the first pup, and retrieve each pup to the goal box were recorded. The test ended after 15 minutes, or when the female had retrieved all three pups to the goal box (whichever occurred first). The total time spent grouping the pups together was measured as the time (in seconds) from first pup retrieval to last pup retrieval. Females that did not retrieve pups during the test were assigned a latency of 900 seconds for statistical purposes.
Quantification of mRNA by real time PCR
After the final T-maze pup retrieval test, which occurred 1 month after maternal experience, gene expression was examined as described previously (n s ϭ 6 -8) (37) . Briefly, mice were briefly anesthetized with isoflourane and euthanized by cervical dislocation. Brains were immediately removed, frozen and later sectioned (120 m) on a cryostat, and mounted onto slides. The MPOA (bregma 0.26 to Ϫ0.58) was dissected out using a tissue punch (blunted 16.5 gauge needle). Total RNA was isolated using an RNeasy lipid tissue minikit (QIAGEN) according to the manufacturer's protocol. A NanoVue spectrophotometer (GE Life Sciences) was used to determine the quality (260/280 Ͼ 1.8) and quantity of the RNA. Gene expression was not examined in one sample from the control group due to insufficient RNA quantity and quality (Ͻ5 ng/L, 260/280 ϭ 1.09). The cDNA templates were prepared using an AffinityScript cDNA synthesis kit (Agilent Technologies) according to the manufacturer's protocol. Quantitative real-time PCR (qPCR) was performed using the ABI StepOnePlus real-time PCR system.
The following TaqMan gene expression assays from (Applied Biosystems) were used to detect PCR products of interest: CREB binding protein (Crebbp, Mm01342452_m1), estrogen receptor-␤ (Esr2, Mm00599821_m1), oxytocin (Oxt, Mm00726655_S1), and oxytocin receptor (Oxtr, Mm01182684_m1). All samples were normalized to ␤2-microglobulin (Mm00437762_m1). Oligonucleotide primers for Dnmt1, Dnmt3a, Dnmt3b, ACTB (␤-actin), and B2M (␤2-microglobulin) were designed and vali- Figure 1 . A, Time line of the experimental design. The HDACi, sodium butyrate, was administered in the drinking water for a total of 72 hours. Subthreshold maternal experience occurred on 2 consecutive days for 2 hours daily in the dam's home cage. Pup retrieval was measured in a novel T-maze 24 hours, and 1 month, later. Mice received no additional interaction with pups, or HDACi, during the 1-month interim. B, Females that received HDACi (n ϭ 8) retrieved more pups at both times than females that did not get HDACi (n ϭ 7). C, Females that received HDACi spent less time grouping the pups than females that did not get HDACi. D, HDACi treated females were faster to begin pup retrieval at both time points as compared with females that did not receive HDACi. E, HDACi-treated females were faster to retrieve all pups at both time points as compared with females that did not receive HDACi. F, Median change (in seconds) to initiate pup retrieval from test 1 (24 h) to test 2 (1 mo). A positive score denotes an improvement over time (P Ͻ .01). Error bars indicate interquartile range. HDACi-treated females were faster to initiate retrieval the second time they were tested, whereas females that did not receive HDACi retrieved at the same rate in both tests. G, No effect of treatment or time on latency to investigate pups. In all panels except F, the means and SEMs are given. Gray bars represent the group that received HDACi and the white bars represent the control drinking normal water. *, Significantly different from corresponding control group (P Ͻ .05); **, significant main effect of time (P Ͻ .05).
dated (efficiencies between 90% and 103%) as previously described (see Table 1 ) (44) . All samples were normalized to ACTB or B2M. There were no significant differences in the expression of endogenous control genes between treatment groups. For TaqMan-and SYBR Green-based detection method, target and endogenous control genes were measured in triplicate for each cDNA sample during each real-time run to avoid intersample variance. For SYBR Green-based quantitative RT-PCR, a no-reverse transcriptase reaction was run in parallel to the cDNA synthesis samples to control for contamination and genomic amplification. The melting temperatures were monitored to ensure that there was only one peak. All genes of interest were analyzed with StepOne software (Life Technologies) using the comparative cycle threshold method.
Chromatin immunoprecipitation (ChIP) followed by real-time qPCR
To examine whether changes in Esr2 or Oxt expression might be mediated by recruitment of the histone acetyltransferase, CBP, to their promoter regions during maternal memory consolidation, we used another cohort of mice. Four groups of females were used (n ϭ 6/group): virgin females naïve to pups and HDACi treatment, virgin females treated with HDACi, virgin females with suboptimal maternal experience, and virgin females treated with HDACi during suboptimal experience with pups. Twenty-four hours after the last experience (pup or no pup), brain tissue was prepared as described above. For each ChIP, bilateral MPOA punches were pooled from six mice. Independent duplicate samples were immunoprecipitated with a ChIPgrade antibody that recognizes CBP (Abcam catalog number ab10489). An IgG antibody (antimouse) was run as a control (Sigma; catalog number I-5381). Resulting immunoprecipitated DNA and total (input) genomic DNA were run in triplicate for real time qPCR detection. A ChIP assay was performed according to a published protocol with some modifications (45) .
Brain tissues were fixed with 1% formaldehyde to covalently cross-link DNA with associated proteins for 5 minutes at room temperature. The cross-linking reaction was stopped with the addition of glycine to a final concentration of 0.125 M. After cross-linking, chromatin was extracted by detergent lysis and subsequently sheared by sonication. Extraction consisted of homogenizing tissue in sodium dodecyl sulfate (SDS) lysis buffer (5% SDS; 50 mM Trsi-HCL, pH 6.8; 10 mM EDTA, pH 8.0) with the addition of proteinase inhibitors and 0.2 M phenylmethylsulfonyl fluoride (PMSF). Homogenates were incubated on ice for 15 minutes, vortexing every 5 minutes, and centrifuged at 4000 ϫ g for 5 minutes. The supernatant was decanted and ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCL, 167 m⌴ NaCl) with proteinase inhibitors and 0.2 M PMSF was added to each pellet. Chromatin extracts were sheared to 400 -600 bp with 22 cycles of the Diagenode Biorupter 300 (30 second cycles with 30 sec of rest between each cycle). After sonication, samples were centrifuged at 10 000 ϫ g for 10 minutes at 4°C and supernatant was divided into three aliquots. Twenty microliters of preimmunoprecipitated lysate were saved from each aliquot as input for later normalization. The chromatin solution was precleared with Dynabeads Protein G Beads (Invitrogen) for 30 minutes at 4°C to remove nonspecific debris and immunoprecipitated overnight at 4°C with 3 L of antibody directed against CBP or 5 L of nonimmune mouse IgG. After immunoprecipitation, the DNAhistone complex was collected with 40 L of Dynabeads Protein G Beads for 2 hours at 4°C. The beads were sequentially washed with low salt, high salt, and LiCl and washed twice with 10 mM Tris (pH 8) per 1 mM EDTA buffers. The DNA-protein complex was then eluted from the beads with 400 L elution buffer (1% SDS, 5 mM EDTA, 50 mM Tris-HCL, 500 mM NaCl, plus proteinase inhibitors and 0.2 M PMSF). The DNA and protein were dissociated at 65°C for 2 hours. Proteins were digested using proteinase K treatment for 1 hour at 45°C. The DNA associated with CBP was extracted with phenol/chloroform/isoamyl alcohol (25:24:1, pH 8.0), precipitated with 100% ethanol, then resuspended in 30 L of PCR-grade water.
The quality and quantity of DNA were determined using a NanoDrop spectrophotometer (Thermo Scientific). DNA was amplified using SYBR green fast mix (Applied Biosystems) using 5 ng of template and 0.25 M concentration of each primer. The primer sequences designed to target the mouse Esr2 and Oxt promoters are listed in Table 1 . Primers were designed to target the promoter region (Ͻ500 bp upstream from the transcription start site). Primers were validated for efficiency using genomic DNA. Omission of the chromatin sample was used as a control. Melting temperatures were monitored to ensure that there was only one peak. Cycle threshold values were normalized to input DNA and enrichment of CBP was calculated relative to mock (IGg) immunoprecipitation. Fold change values are expressed as relative to naïve controls.
Statistical analysis
All data were analyzed using GraphPad Prism 5 software (GraphPad Inc). Data that violated assumptions of normality and/or homogeneity of variance were analyzed by nonparametric statistics. Pup retrieval was analyzed by a mixed two-way ANOVA (treatment ϫ time) with repeated measures on the second factor, followed by Bonferroni post hoc tests for planned comparisons between treatment groups at each time point. To examine changes in the initiation of pup retrieval from the first to the second T-maze test, difference scores were calculated for each animal by subtracting the latency to retrieve the first pup 1 month after experience from latency to retrieve the first pup 24 hours after experience. Therefore, a positive difference score reflects an increase in responsiveness and a negative difference score reflects a decrease in responsiveness. A Wilcoxon signed rank test against the hypothetical value of 0 (no change) was used to determine whether each treatment group had a significant change in retrieval speed. Student's t tests or one way/KruskalWallis ANOVAs was used to determine group differences in relative quantification of mRNA or DNA. One sample from each group was identified as an outlier by the Grubb's test and was removed from statistical analysis. Correlations between gene expression and pup retrieval on the T-maze were calculated using a Pearson correlation matrix and linear regression to specifically examine whether the impact of HDACi treatment on correlations. For all data significance was set at P Ͻ .05, and two-tailed tests were used.
Results
Long-lasting effects of histone deacetyltransferase (HDAC) inhibition on maternal experiencedependent maternal care
In support of our hypothesis that maternal experience is consolidated into a long-lasting maternal memory via epigenetic mechanisms, we found that HDACi administration allowed subthreshold maternal experience to be consolidated into a maternal memory that persisted for up to 1 month later after administration. Virgin female mice treated with an HDACi during a subthreshold maternal experience retrieved more pups on the T-maze as compared with controls. In addition, females that ingested HDACi were faster to retrieve and group pups on the T-maze 24 hours after pup experience, and these effects persisted 1 month later (P Ͻ .05, Figure 1 , B-E). HDACi treated females also showed an increase in maternal responsiveness from the first to second T-maze test. Females treated with HDACi initiated pup retrieval faster (median ϭ 233 sec, P Ͻ .01) 1 month after the pup experience and HDACi treatment, whereas water-treated females showed no change (median 0, Figure 1F ). There were no significant effects of HDACi treatment or time on latency to investigate the first pup in the maze ( Figure 1G , P Ն .3).
Long-lasting effects of HDAC inhibition and maternal experience on gene expression in the MPOA
Analysis of gene expression in the MPOA 1 month after initial maternal experience revealed a significant effect of previous HDACi treatment on the expression of some of the genes associated with pup retrieval in the T-maze 24 hours after maternal experience (37) . Female mice treated with an HDACi during the experience phase showed a significant increase in Esr2 expression 1 month later, and a significant decrease in Oxt expression relative to controls (P Ͻ .05; Figure 2B ). There were no significant differences in the expression of Crebbp or Oxtr between treatment groups (P Ն .4). Recent evidence indicates that the consolidation and maintenance of certain experiencedependent behavioral changes depend on DNA methylation and are linked to dynamic alterations in DNMT expression; thus, we determined whether the expression of DNMTs (Dnmt1, Dnmt3a, Dnmt3b) were altered 1 month after maternal experience (39, 40, 46 -49) . HDACi facilitation of maternal experience was associated with a decrease in the de novo DNA methyltransferase, Dnmt3a (P Ͻ .05). In support of the hypothesis that long-lasting changes in maternal care are linked with a persistent upregulation of estrogen receptor-␤, Esr2 mRNA expression was significantly negatively correlated with latency to initiate and complete pup retrieval in the T-maze 1 month after maternal experience (P Ͻ .05, Figure 2 , C and D).
The consolidation of maternal experience may involve recruitment of CBP to the Esr2 and Oxt promoters
We have previously reported that 24 hours after the pup experience, HDACi amplified the expression of genes associated with optimal maternal experience in the MPOA in suboptimally experienced virgin females (Crebbp, Esr2, and Oxt) (37) . Because CBP functions as a transcriptional coactivator of both CREB and ER␤ as well as a histone acetylatransferase, and given that activation of intracellular signaling cascades that turn on CREB can increase the expression of both Esr2 and Oxt, we hypothesized that the change in Crebbp gene expression would reflect an increased activation and recruitment of CBP to the Esr2 and Oxt promoters during the consolidation of maternal experience. To test this hypothesis, we used ChIP followed by qPCR to determine the extent to which maternal experience-associated increases in gene expression are driven by recruitment of the CBP. ChIP analyses of the Esr2 and Oxt promoters indicated that CBP recruitment to both the Esr2 and Oxt promoters was significantly different among treatment groups (P Ͻ .05; Figure 3 ). Post hoc analyses reveal a significant difference between females treated with HDACi during subthreshold pup experience and all other groups in CBP recruitment to the promoter of Oxt gene (P Ͻ .05).
Discussion
The present data provide evidence for epigenetic regulation of the consolidation of maternal experience and maintenance of maternal memory. We have previously re-ported that alterations in gene expression occur during the consolidation of maternal experience (37) . The present data are the first to uncover alterations in gene expression that are associated with the maintenance of maternal memory. Furthermore, these results suggest that one mechanism through which HDACi allows brief, subthreshold maternal experience to induce lasting changes in maternal behavior and gene expression involves recruitment of CBP to the promoter regions of Esr2 and Oxt genes. Thus, the present data show that the epigenetic mechanisms sustain maternal memory in the absence of continued maternal experience, for at least 1 month.
Dynamic fluctuations in pregnancy hormones, which synchronize the onset of maternal responses with birth, also function to facilitate the consolidation of maternal memory. Although it is clear pregnancy hormone stimulation is not required for maternal experiences to be consolidated into lasting maternal memory, the critical question of what molecular mechanisms specifically support the consolidation of female-infant interactions has not been resolved. Thus, here we have experimentally teased apart effects of social experience alone on gene expression in the MPOA. We have hypothesized that hormonal and experiential stimulation of maternal behavior share common molecular mechanisms (50) . For example, CBP is a coactivator of estrogen receptors. Dimerization of estrogen receptor-␤ upon ligand binding recruits CBP and drives the expression of the estrogen-responsive genes (51-55). Thus, increased activation of estrogen receptor-␤ could drive the expression of the Oxt, which contains an estrogen response element that seems to be driven by estrogen receptor-␤ exclusively (51) . Estrogen receptor-␤ and oxytocin proteins are coexpressed in neurons of the paraventricular nucleus of the hypothalamus (56) . Recent data indicate that oxytocin activity is required for the anxiolytic effects of an estrogen receptor-␤ agonist, suggesting that these two genes may interact to regulate anxiety-like behavior. The present data, which indicate that CBP is recruited to the promoter region of Esr2 and Oxt in maternally experienced virgin mice, support the idea that increased activation of these genes may play an important role in the consolidation of maternal experience in the MPOA. However, the extent to which Esr2 directly drives Oxt expression is not clear at this time.
Experience-driven changes in estrogen receptor expression are known to be associated with maternal responsiveness. For example, early-life experiences can induce stable patterns of estrogen receptors (␣ and ␤) and oxytocin receptor expression via epigenetic mechanisms (28, 57, 58) . We have previously found that experiences in adulthood, which also impact maternal responsiveness, can alter the expression of Esr2 and Oxt (but not estrogen receptor-␣ and oxytocin receptor) (37). Here we report that the alterations induced by maternal experience persist for up to 1 month. We speculate that CBP recruitment to the Esr2 promoter may be involved in the persistent upregulation of Esr2 expression 1 month after maternal experience consolidation, whereas CBP recruitment to the Oxt promoter may reflect a transient regulation of Oxt during maternal experience consolidation because Oxt expression was no longer up-regulated one month later. This finding is in agreement with the idea that oxytocin is involved in the onset of maternal behavior but not required for its maintenance (59) . Furthermore, the increase in Oxt expression in control mice with subthreshold levels of experience compared with HDACi-treated females may be related to the brief interaction with pups on the T-maze. These control mice have yet to reach the threshold level of experience necessary to promote pup retrieval in the Tmaze and therefore may still be in the process of consolidating maternal experiences (60) . Perhaps one way that HDACi treatment maintains behavioral and gene expression changes is by setting into motion a new pattern in the expression of transcriptional or translational regulatory genes that can maintain maternal memory (41) . It is becoming increasingly clear that memory consolidation involves chromatin remodeling and HDAC inhibitors have been instrumental in these investigations (38, (61) (62) (63) (64) (65) (66) (67) . Memories consolidated during HDACi treatment as well as the associated gene expression changes are maintained for long periods of time (41, 68 -70) . There is good evidence that certain HDAC enzymes (classes I and IIa) are involved in memory consolidation. Administration of HDACi drugs that affect classes I and IIa HDACS, such as valproic acid, trichostatin A, suberoylanilide hydroxamic acid, and sodium butyrate, have all been found to enhance learning and memory. When directly compared, the behavioral effects of different HDACi drugs are not significantly different (71, 72) . Thus, we speculate that administration of valproic acid, trichostatin A, or suberoylanilide hydroxamic acid would produce similar effects on maternal learning as sodium butyrate. Specifically, class I HDACs 1-3, 8 have been found to act as memory consolidation break enzymes by interfering with CREB-mediated gene transcription and/or CBP-mediated histone acetylation (73) (74) (75) . Future work will need to examine the effects of selective class I HDACi drug MS275 on maternal learning (72) as well as the extent to which maternal memory is associated with long-term changes in HDAC expression. Despite the fact that sodium butyrate can inhibit eight of the 12 HDAC enzymes, it should be noted that only a small percentage of genes seem to be affected (74, 76) . Instead of globally altering gene transcription, HDAC inhibition seems to affect active loci exclusively (64, 76) . Specifically, HDACi treatment is frequently reported to affect estrogen receptor and estrogenresponsive genes as well as genes whose protein products modify chromatin, such as Crebbp, Dnmt1, Dnmt3a, and Dnmt3b (77, 78) . Furthermore, despite the frequent use of systemic administration, we and others find that HDACi effects on learning and memory are not associated with a decrease in anxiety or a general increase in exploration (37, 43, 79) .
The mechanisms through which HDACi facilitates memory consolidation are currently being elucidated. It is clear that facilitatory effects of HDACi on memory consolidation require CBP-mediated histone acetylation (38, 80) . Recent reports have also emphasized the role of DNA methylation in memory consolidation (81) . DNA methylation is mediated by DNA methyltransferases, enzymes that catalyze the transfer of methyl groups to cytosine residues followed by guanine. Dnmt3a and Dnmt3b are de novo methylators, which methylate previously unmethylated cytosines. Dnmt1 recognizes hemimethylated DNA and functions to stabilize methyl marks ensuring that they are not lost over time. Because alterations in DNMT gene expression may affect the methylation state of genes that facilitate or suppress the consolidation of a learning experience, it can be difficult to interpret global changes in DNMT expression (82) . For example, an increase in Dnmt3a gene expression is associated with estradiol-facilitated memory consolidation (39) . In contrast, a decrease in Dnmt3a mRNA expression is associated with cocaine reward (83) . Other work has suggested that Dnmt3a mRNA expression is dynamically altered after social experience: increased at 4 hours and decreased at 24 hours (47) . Alterations in DNMT activity are best interpreted with respect to the specific genes that are affected. However, in the studies discussed above, as well as the present study, it is not clear which genes are directly affected by alterations in Dnmt3a activity or expression.
Like other forms of memory, maternal memory is associated with both transient and persistent changes in gene expression (41) . The facilitatory effect of HDACi on the consolidation of maternal memory is associated with a long-lasting down-regulation in Dnmt3a expression and a long-lasting up-regulation in Esr2 expression. Considering that HDACi treatment is associated with increased access of transcriptional machinery to regulatory regions of genes, it is logical that Dnmt3a expression, which would oppose this effect, is down-regulated. Although we have not examined DNA methylation here, we speculate that decreases in Dnmt3a activity may be related with the increase in Esr2 expression. In support of this idea, HDACi and inhibitors of DNA methylation have synergistic effects on Esr2 gene expression in vitro (77) . However, note that these data must be interpreted with some caution until we know where in the genome Dnmt3a recruitment is depleted and there is a reduction in methylation.
Together the results of the present study indicate that the combination of HDACi and maternal experience results in a prolonged increase of maternal responsiveness and Esr2 expression, which may be mediated by CBP recruitment to the Esr2 gene promoter during the consolidation of maternal experience and maintained by alterations in Dnmt3a activity 1 month later. These data are a first step toward resolving the mechanism through which maternal experience induces long-lasting changes in gene expression within the MPOA.
